Magnetization jumps (MJs) and the exchange bias (EB) effect are simultaneously observed in the mixed-spin oxide (FeTiO 3 ) 0.9 -(Fe 2 O 3 ) 0.1 at 2.0 K. Dc and ac susceptibility measurements confirm a reentrant spin glass phase with a partially disordered antiferromagnetic (PDA) state below the irreversibility temperature (T ir ¼ 60 K). Antiferromagnetic (AFM) Fe 3þ clusters are nested in AFM Fe 2þ lattices forming a triangular lattice, in which 2/3 of the magnetic moments order antiferromagnetically with each other leaving the remaining 1/3 "confused." This geometric frustration in the triangular lattice leads to a PDA state that is the ground state of the AFM triangular configuration. The PDA state, in the presence of a critical trigger field, evolves into a ferromagnetic (FM) state, and induces the AFM spins of the Fe 2þ ions to enter a FM state, resulting in the MJs. Meanwhile, the FM spins of Fe 2þ can serve as the pinned phase, and the AFM spins of Fe 3þ can serve as the pinning phase, resulting in the EB effect. Thus, we point out that the PDA state is very likely to be at the origin of the MJs and the EB effect. V C 2014 AIP Publishing LLC.
Magnetization jumps (MJs) and the exchange bias (EB) effect are simultaneously observed in the mixed-spin oxide (FeTiO 3 ) 0.9 -(Fe 2 O 3 ) 0.1 at 2.0 K. Dc and ac susceptibility measurements confirm a reentrant spin glass phase with a partially disordered antiferromagnetic (PDA) state below the irreversibility temperature (T ir ¼ 60 K). Antiferromagnetic (AFM) Fe 3þ clusters are nested in AFM Fe 2þ lattices forming a triangular lattice, in which 2/3 of the magnetic moments order antiferromagnetically with each other leaving the remaining 1/3 "confused." This geometric frustration in the triangular lattice leads to a PDA state that is the ground state of the AFM triangular configuration. The PDA state, in the presence of a critical trigger field, evolves into a ferromagnetic (FM) state, and induces the AFM spins of the Fe 2þ ions to enter a FM state, resulting in the MJs. Meanwhile, the FM spins of Fe 2þ can serve as the pinned phase, and the AFM spins of Fe 3þ can serve as the pinning phase, resulting in the EB effect. Thus, we point out that the PDA state is very likely to be at the origin of the MJs and the EB effect. [1] [2] [3] [4] [5] [6] [7] [8] The complex magnetic interactions found here prevent the system energy from reaching the ground state, and the energy is trapped in configurations that represent local energy minima. 9 The configurations can, however, be changed by applying an external field, and the system energy can move from one minimum to another. The transition can be either smooth or sharp. A sharp transition can be considered as a metamagnetic transition caused by a sudden change in the spin structure. [10] [11] [12] In the case of such a metamagnetic transition, sudden jumps in the magnetization occur. 13 (FeTiO 3 ) x -(Fe 2 O 3 ) 1Àx (x ¼ 0.7, 0.8, and 0.9) solid solutions, referred to below as HI-7, HI-8, and HI-9, respectively, were prepared using a solid-state reaction method. Finely ground powders of FeTiO 3 and Fe 2 O 3 were fully mixed and sintered at 1473 K for 12 h. The X-ray diffraction patterns confirmed a single phase with R 3 symmetry. Magnetic properties were measured in a Physical Property Measurement System (PPMS-9, Quantum Design, Inc.). Fig. 1 shows hysteresis loops for HI-9 measured at 2.0 K after zero field cooling (ZFC) and 0.5 kOe field cooling (FC). It can be seen that neither of the hysteresis loops saturates even at a magnetic field of H ¼ 40 kOe. This may be attributed to magnetic clusters or antiferromagnetic (AFM) domains with strong anisotropy in HI-9. Nonetheless, for practical purposes, we define the saturation magnetic field of the hysteresis loops to be the value at H ¼ 40 kOe. In what follows, we use M s ¼ 2.4 l B /f.u., suggesting that the moments of Fe 2þ are ferromagnetically coupled. For the ZFC loop, we observed that it has two terraced MJs at the two critical trigger fields 6H cr ¼ 65.2 kOe and that the MJs are symmetric with respect to the origin. The intensity of the jump is I ¼ DM/M s ¼ 35.8%. This result is similar to that found in the work of Charilaou et al.
14 In addition, we found that HI-8 has MJs with I ¼ 35.0% at H cr ¼ 4. FC loop, there are two interesting phenomena. One is that the FC loop also has two terraced MJs but they are asymmetric with respect to the origin (þH cr ¼ 5.0 kOe and ÀH cr ¼ À 8.3 kOe), and the intensities of the jumps are also different (I þ ¼ 34.5% and I À ¼ 26.4%). The other is that the hysteresis loop shifts in the direction of negative field, suggesting the EB effect with EB field H EB % 0.3 kOe. Moreover, we observe that the shift of the loop with decreasing field is more noticeable than that of the loop with increasing field. However, the mechanism is still unclear and requires further examination. Fig. 2 shows the temperature dependence of the dc susceptibility v dc at H ¼ 0.5 kOe, 2 kOe, and 10 kOe following FC and ZFC (a) and the real part (v 0 ac ) (b) and imaginary part (v" ac ) (c) of the ac susceptibility at various frequencies for HI-9. Three characteristic temperatures of these curves are worthy of note. First, there is a bifurcation of the v dc curves at 110 K with a rapid increase in v dc below T < 110 K, and the v 0 ac becomes non-zero at 110 K. We identify this temperature as the transition temperature T s from the paramagnetic (PM) phase to the PM' state. The PM' state is a subfield of the PM phase. 17 The second characteristic temperature is 60 K. There are three features in the dc and ac susceptibilities at this characteristic temperature. The first feature is that a bifurcation at 60 K is observed between the ZFC and FC curves measured at 0.5 kOe. This temperature shifts to lower temperatures with increasing external field. The second feature is that a broad peak at $60 K appears in both the v 0 ac (x, T) and v 00 ac (x, T) curves. The position of this peak shifts to higher temperatures with increasing frequency and application of a weak dc bias field (H dc ¼ 0.1 kOe), causes the peak to be strongly reduced, indicating the absence of the long-range antiferromagnetic ordering. It is interesting to observe that for both v 0 ac (x, T) and v 00 ac (x, T) the amplitude of this peak gradually decreases with increasing frequency. This behavior is different from that seen with superparamagnetism and spin glasses, in which the amplitude of the peak gradually decreases in the v 0 ac (x, T) curve and increases in the v 00 ac (x, T) curve with increasing frequency. We conclude that this feature indicates the presence of a partially disordered antiferromagnetic ordering rather than the long-range antiferromagnetic ordering, superparamagnetism or spin glasses. We define this temperature as the irreversibility temperature T ir . The third feature is that the ZFC/FC curves are not the canonical k type. The FC curves abnormally decrease with decreasing temperature below 46 K and for T < 17 K they are almost constant. The three features of the HI-9 system are very similar to that of the Ca 3 CoRhO 6 system, 18, 19 and Niitaka et al. 19, 20 have confirmed the existence of a PDA state in this system. The Ca 3 CoRhO 6 system has a PDA state because of its special structure and magnetism. We note that both the HI-9 solid solution 7 and the Ca 3 CoRhO 6 system 21 have a rhombohedral structure and that their magnetic moments are ferromagnetically coupled within the same layer and antiferromagnetically coupled between adjacent layers. Because of the striking similarity in the structure and magnetism of the HI-9 solid solution and the Ca 3 CoRhO 6 system, the existence of a PDA state in HI-9 is entirely possible. However, such a PDA state in HI-9 has not been previously reported.
The third characteristic temperature is 46 K, and there are also two features in the dc and ac susceptibilities at this characteristic temperature. The first feature is that with increasing frequency, the position of this peak shifts to higher temperatures in both the v associated with the frequency x. The value of d ¼ DT f / (T f lg x) can be used to describe the magnetic order of the system. A sample is considered to be a spin glass (SG) if d falls in the range 0.005 < d < 0.08, and to be a system of noninteracting superparamagnetic materials for d % 0.1. 22 We calculated that the value of d to be 0.02, corresponding to a cluster glass. 13 Considering the antiferromagnetic transition at T ir , this is evidence of an RSG phase in our sample. Burton et al. 17 have also observed an RSG phase in HI-9. The second feature is that both of the ZFC and FC curves show a maximum at 46 K for the case with H ¼ 0.5 kOe, and the maximum becomes smeared out with increasing external field. We assume that this temperature is the freezing temperature T f of the spin glasses. To verify the validity of our assumption, we have examined the field dependence of the freezing temperature, T f (H), using the Almeida-Thouless (AT) equation, 23 namely,
The fitted result, T f (0) ¼ 47 K, as shown in the inset of Fig. 2(a) , agrees with the value of T f (x) of the ac susceptibility measurement (see Figs. 2(b) and 2(c)). In other words, the temperature T f (H) identified in the ZFC and FC curves is consistent with the temperature T f (x) identified in the ac susceptibility curves. Fig. 3 shows the real part (a) and imaginary part (b) of the ac susceptibility for HI-7 measured at various frequencies over the temperature range from 10 K to 350 K. The curve for v ac 0 (x, T) seems to reach a maximum at about T ¼ 350 K. We identify this transition temperature as the Curie temperature, T C , for HI-7. 17 As temperature decreases, there occurs an SG transition at $50 K, the same as for HI-9. These two transitions indicate an RSG phase at low temperatures for HI-7. 17 In general, HI-7 has only an RSG phase while HI-9 has both an RSG phase and a PDA state at low temperature. Considering that HI-7 does not show MJs but HI-9 does, we think that it is the PDA state rather than the RSG phase that has the close connection with the MJs. Our viewpoint is different from that of Marcano et al. 13, 15 and Charilaou et al.
14, 16 Marcano et al. think that the MJs of the CeNi 1Àx Cu x alloys should be attributed to the RSG phase. However, there are no MJs in HI-7 even though it has an RSG phase. Charilaou et al. think the MJs of HI-8 and HI-9 should be attributed to an ideal interaction-induced partitioning mechanism. However, we have observed an RSG phase in both the HI-8 and HI-9. Therefore, it is difficult to form a uniform distribution of Fe 3þ cations in the HI-8 and HI-9. In fact, many studies have reported that both the HI-8 and HI-9 samples have a critical temperature T N (Neel temperature) which HI-7 does not have. 17, 24, 25 This temperature, T N , corresponds to the irreversibility temperature T ir we defined above, but they are not completely the same. T N and T ir have different meanings. The temperature T N corresponds to a long-range antiferromagnetic phase while we think that T ir corresponds to a partially disordered antiferromagnetic (PDA) state because of the observed sharp decrease in both the v 0 ac and v 00 ac curves at T ir when a dc bias field is applied. Yao 26 and Su et al. 27 have predicted theoretically that in the Ca 3 Co 2 O 6 system, the PDA state can induce MJs in the presence of a small critical external field (H cr ), and that the size of the MJs should be one third of the M s (I ¼ 33.3%). In our experiment, for HI-9, H cr ¼ 5.2 kOe, I ¼ 35.8% and for HI-8, H cr ¼ 4.8 kOe, I ¼ 35.0%. Therefore, our experimental results are in good agreement with the theoretical prediction of X. Yao and Su et al. In order to explain the MJs and the EB effect for HI solid solutions at low temperature, we assumed a spin configuration for the magnetic clusters based on the XRD and susceptibility measurements. Fig. 4(a) shows schematic representations of the spin configuration in the PDA state. When the external field is H ¼ 0, the spins of the Fe 2þ and Fe 3þ cations are ferromagnetically coupled in the same layer and antiferromagnetically coupled between adjacent layers. The Fe 3þ cations couple antiferromagnetically and randomly distribute on different layers forming Fe 3þ clusters. The Fe 3þ clusters (red circles) are surrounded by the antiferromagnetically coupled lattices of the Fe 2þ cations (black circles). This topological structure forms a triangular lattice with a geometric frustration (denoted by blue dotted lines in part (a) of Fig. 4 ) at the edge of the Fe 3þ clusters. In this topological structure, 2/3 of the magnetic moments order antiferromagnetically with each other. These magnetic moments are all those of Fe 3þ cations. The remaining 1/3 are "confused" (green circles), and belong to the Fe 2þ cations. This topological structure forms a PDA state below T ir and the PDA state is frozen below T f . In other words, the "confused" magnetic moments are frozen in various directions.
The critical field ($5.2 kOe) of our experiment is too small to destroy the AFM interaction of the Fe 3þ -Fe 3þ ion pairs. Therefore, we think the MJs originate only from a sudden change of the frozen moments (green circles) in the PDA state at the critical trigger field. The frozen moments are in equilibrium due to the competition between the ferromagnetic (FM) and AFM interactions, resulting in easy flipping even at a small critical field (see (b) of Fig. 4) . With a small critical trigger field, spins find it best to align with one of spin up and Fig. 4) . Thus results in the EB effect. We can summarize the process of inducing MJs and the EB effect through applying an external field as follows. At low temperatures, the PDA state is transformed into a FM state at a small critical trigger field, resulting in the MJs. This pinned FM state, in turn, causes the EB effect.
In summary, we have simultaneously observed clear MJs and the exchange bias (EB) effect in the mixed-spin oxide (FeTiO 3 ) 0.9 -(Fe 2 O 3 ) 0.1 solid solution at low temperature (T ¼ 2.0 K). Dc and ac susceptibility measurements confirmed the existence of a RSG phase with a partially disordered antiferromagnetic (PDA) state for temperatures T < 60 K. In this system, AFM Fe 3þ clusters are nested in AFM Fe 2þ lattices and form a triangular lattice. In this topological structure, 2/3 of the magnetic moments, all Fe 3þ cations, order antiferromagnetically with each other. The remaining 1/3, all Fe 2þ cations, are "confused." This topological structure forms a PDA state at low temperatures. The PDA state transforms into a ferromagnetic (FM) state at a small critical trigger field (5.2 kOe), and it will induce the AFM spins of the Fe 2þ ions to enter a FM state, resulting in the MJs. Meanwhile, the FM spins of Fe 2þ can serve as the pinned phase and the AFM spins of Fe 3þ can serve as the pinning phase, resulting in the EB effect. We therefore conclude that the PDA state is very likely to be at the origin of MJs and the EB effect. This mechanism may be a good indicator of new materials that might show MJs and EB effect. 
